Abstract The humidity effects on the benzene decomposition process were investigated by the dielectric barrier discharge (DBD) plasma reactor. The results showed that the water vapor played an important role in the benzene oxidation process. It was found that there was an optimum humidity value for the benzene removal efficiency, and at around 60% relative humidity (RH), the optimum benzene removal efficiency was achieved. At a SIE of 378 J/L, the removal efficiency was 66% at 0% RH, while the removal efficiency reached 75.3% at 60% RH and dropped to 69% at 80% RH. Furthermore, the addition of water inhibited the formation of ozone and NO2 remarkably. Both of the concentrations of ozone and NO2 decreased with increasing of the RH at the same specific input energy. At a SIE of 256 J/L, the concentrations of ozone and NO2 were 5.4 mg/L and 1791 ppm under dry conditions, whereas they were only 3.4 mg/L and 1119 ppm at 63.5% RH, respectively. Finally, the outlet gas after benzene degradation was qualitatively analyzed by FT-IR and GC-MS to determine possible intermediate byproducts. The results suggested that the byproducts in decomposition of benzene primarily consisted of phenol and substitutions of phenol. Based on these byproducts a benzene degradation mechanism was proposed.
Introduction
As a major source of air pollution, volatile organic compounds (VOCs) are mainly emitted from mobile and stationary sources by various industrial processes and transportation activities [1] . They are the main contributors to a series of environmental issues, such as photochemical smog, acid rain, secondary aerosols and ozone depletion. Some VOCs are carcinogenic or responsible for respiratory diseases, which may cause harm to human health due to their toxicity [1−4] . Some of the well-established technologies available for VOCs abatement are adsorption [5] , catalytic oxidation [6] and photocatalysis [7] . However, these techniques may not be effective and are energetically expensive for the treatment of low concentration VOCs because these techniques may demand higher thermal energy (for example, catalytic oxidation may demand thermal energy in the range of 200 o C-600 o C [6, 8] ). In this context, non-thermal plasma (NTP) technology, an emerging technology, has been investigated widely for VOCs removal. The major advantages of NTP technology include operating under ambient conditions, moderate energy cost, easy operation, short reaction time and non-selectivity [3, 8] .
Since most industrial waste gas in ambient air usually contains water vapor with fluctuating concentrations, the effects of humidity on VOCs decomposition have become a great interest for practical applications in industry recently. The water vapor can be decomposed into OH and H radicals in plasma. Moreover, the oxidation power of OH radicals is generally much stronger than those of other oxidants such as oxygen atoms and peroxyl radicals generated in NTP processes [3] . Guo et al. [9] studied the effect of relative humidity (RH) on toluene decomposition and their results showed that an optimal water vapor content (around 20% RH) exists for achieving a maximum toluene removal efficiency. Fan et al. [10] investigated the effects of RH on the removal of a low concentration of benzene in air, and they found that increasing RH inhibited the formation of ozone and reduced the benzene removal efficiency. Thevenet et al. [11] studied the effect RH on the acetylene decomposition by NTP with the TiO 2 catalyst system and reported that the presence of water vapor in the gas stream greatly reduced the removal efficiency. Xu et al. [12] applied a NTP with CuO/AC catalyst for benzene removal, and they reported that the optimal RH was around 45%-60% for benzene decomposition. From these reported results, the influence of RH on VOCs removal efficiency may be enhancing [13] , suppressing [10, 11, 14] or balancing [15] , depending on the chemical structure of the VOCs. For clearing the effect and the mechanism of the RH on the VOC degradation, more experimental study is needed.
In the present study, the effects of RH on benzene (a common carcinogenic compound that has detrimental effects on human health [3] ) removal and production of ozone and NO 2 were investigated based on a double dielectric barrier discharge (DBD) reactor in atmospheric pressure air and room temperature. In addition, the oxidation byproducts were analyzed and a simplified benzene decomposition mechanism was discussed.
Experimental arrangement 2.1 Experimental setup
The experimental setup for the DBD plasma system is schematically shown in Fig. 1 . Gaseous benzene was regulated by bubbling with nitrogen gas through pure benzene liquid (>99.5%), and diluted by a stream of compressed air. The reason for using air is to simulate practical VOCs waste streams in a real industrial situation. In this study, the air flow rate was controlled and adjusted by a mass flow controller (MFC) system (Seven-Star, China) after the purge gas generator (Parker Balston 75-52, America), which can filter the water and carbon dioxide in the air, and the flow rate of nitrogen containing benzene was controlled and adjusted by the other MFC to obtain the required initial concentration of benzene. The feed gases could be humidified by a water bubbling system if necessary.
Benzene was balanced with nitrogen and introduced to a blender through a Teflon tube, and then to the reactor. The reactor was made of two coaxial cylinder quartz tubes with a wall thickness of 1 mm and a length of 39 cm. The inner one had an outside diameter of 10 mm, while the outer one had an inside diameter of 18 mm. A copper rod with an 8 mm diameter was attached tightly to the inside wall of the inner quartz tube, serving as an inner electrode. The outer electrode was a stainless steel mesh covering the outer quartz tube. Both ends of the reactor were sealed by a perforated Teflon plate. The discharge section length was 15 cm and the discharge gap was fixed at 4 mm. During experiments the outer electrode was grounded, while the inner electrode was connected to the high voltage of a pulse modulated power supply (Suman, CTP-2000K, China) to generate plasma. An input transformer and a digital pulse wave generator were connected directly to the power supply. By adjusting the voltage of the transformer, the required peak voltage can be obtained, while the frequency and the duty cycle of the modulation pulse can be changed by the digital pulse wave generator within 50-1000 Hz and 10%-90%, respectively.
Analysis methods
The concentration of VOCs at the outlet of the reactor was measured by a gas chromatograph (GC)(Fuli-9790, China) equipped with a flame ionization detector (FID)( Column: SE-54, 30 m length, 0.32 mm thickness, FID temperature 140 o C, oven temperature 120 o C). The concentration of NO 2 was measured with the flue gas analyzer (Kane-940, England), while the ozone which formed in the plasma reactor was measured with the double UV light ozone meter (Ken-2000, China). The RH of the feed gas was measured using a humidity meter (HW200-Janapo, China). The on-line Fourier transformation infrared spectrometer (FT-IR) (Nicolet-6700, Thermo Fisher Scientific, America, pathlength is 2.4 m) and gas chromatography-mass spectrometry (GC-MS) (Trace 1310-ISQ, Thermo Fisher Scientific, America) equipped with a GC column (TG-SQC, length 15 m, thickness 0.25 mm) were used to identify the byproducts formed in NTP. The benzene removal efficiency was defined as follows [2] : The average discharge power in the reactor was measured with a digital oscilloscope (Tektronix, DPO 3020), a voltage probe (Tektronix, P6015A, 1000X) and a current probe (Pearson, 2877, 1X). The average discharge power (P ) was calculated with
where V (t) and I(t) are pulsed voltage (V) and current (A) of the discharge respectively, t is the pulse duration (s), and f is the modulation pulse frequency (Hz). The peak to peak voltage value can be obtained directly from the oscilloscope. Specific input energy (SIE) is one of the important parameters commonly used to investigate the VOCs decomposition behavior. It was defined by
where P is the average discharge power (W), and Q is the gas flow rate (L/min). The energy yield (EY ) can be expressed as follows [3] :
where M BZ is the molecular weight of the benzene (g/mol).
Experimental results
First in experiments, the concentration of benzene was fixed at 500 ppm for understanding the RH effects on the decomposition characteristics of benzene. The RH varied from 0% to 83% by water bubbling. In experiments, the flow rate was set at 1.4 L/min, whereas the modulation pulse with a 20% duty cycle and 150 Hz frequency was used. Fig. 2 presents the removal efficiency of benzene as a function of RH at different SIE. From Fig. 2 it can be found that the benzene removal efficiency increased with increasing SIE which can be ascribed as the increase in the number of active species such as high-energy electrons, OH and O radicals. Furthermore, the removal efficiency increased with the RH within 60%, but decreased when the RH was over 60%. In other words, the optimum benzene removal efficiency was achieved at around 60% RH. At a SIE of 378 J/L, for example, the removal efficiency was 66% at 0% RH, while the removal efficiency reached 75.3% at 60% RH and dropped to 69% at 80% RH. It was generally believed that the removal efficiency increased due to the formation of OH radicals under humid conditions. The oxidation power of OH radicals was generally much stronger than those of other oxidants such as oxygen atoms and peroxyl radicals generated in NTP processes. The formation of the radicals can be explained by the following equations [3] : Fig.2 The removal efficiency of benzene as a function of RH at different SIE However, the water vapor also had a negative influence on the benzene decomposition due to its electronegative characteristic which limits the electron density and quenches the activated radicals [3] . At higher RH, the plasma characteristics might be changed by the presence of water vapor which could reduce the total charge transferred in a microdischarge of DBD plasma, and ultimately decrease the volume of the reactive plasma zone [16] . Therefore, the RH played a dual role in the benzene removal process as reported in Ref. [12] .
For further validating the importance of water vapor on the benzene decomposition, different concentrations of benzene were tested at 60% RH. Fig. 3(a) and Fig. 3(b) show the removal efficiency and EY of benzene as a function of SIE at different inlet benzene concentrations under humid conditions, respectively. As seen from the figure, both the removal efficiency and EY were higher under humid conditions. For example, at a SIE of 216 J/L and a benzene concentration of 450 ppm, the results show a removal efficiency of 62% and an EY of 15.2 g/kWh under humid conditions, whereas for dry conditions, they were only around 53% and 15.2 g/kWh, respectively.
One of the most important byproducts in the NTP discharge was ozone, which is customarily considered to be an important inorganic byproduct of the ionization of oxygen molecules from air. It has been reported that the ozone is produced in the following reactions [17] :
where M represents a third body. In air, M can be either molecular oxygen or molecular nitrogen. Generally, the decomposition of VOCs in practical applications usually deals with the ambient air, which usually contains a large amount of water vapors. In order to understand the role of ozone during the oxidation of benzene under humid conditions, their concentrations at the outlet were measured at different RH, and the result is presented in Fig. 4 . As seen in the figure, the concentration of ozone decreased sharply with increasing the RH. For example at a SIE of 256 J/L, the concentration of ozone was 5.4 mg/L under dry conditions, whereas it was only 3.4 mg/L at 63.5% RH and 2.9 mg/L at 83% RH, respectively. The inhibition effect of water on the ozone formation may be mainly attributed to the following reasons. Firstly, the addition of water counteracts the formation of ozone due to the consumption of O( 1 D) (reaction (7)) which is the most important origin of ozone formation. Furthermore, the reactions between ozone and some active radicals (such as OH·, H·, HO 2 ·) result in reduced ozone concentrations. These reactions can be explained by the following equations [18, 19] . Fig.4 The concentration of ozone as a function of RH at different SIE From the above analysis, the water vapor therefore plays an important role in the consumption of ozone.
During the experiments, a large amount of NO 2 is formed in benzene degradation. It has been reported that NO 2 is generated in NTP by the following reactions [20, 21] :
Fig . 5 presents the concentration of NO 2 at the outlet as a function of RH at different SIE. From the figure, it can be found that the concentration of NO 2 decreased gradually with increasing the RH. It is clear that the variation of NO 2 concentration follows the same tendency as that of ozone concentration at the same SIE. For example at a SIE of 256 J/L, the concentration of NO 2 was 1791 ppm under dry conditions, whereas it was only 1119 ppm at 63.5% RH and 1047 ppm at 83% RH, respectively. The NO 2 reduction under humid air could be attributed to the following reasons. Firstly, the presence of water vapor inhibited active oxygen atoms, resulting in a reduced NO 2 concentration (reaction (14)). Secondly, the presence of water vapor suppressed the concentration of ozone, resulting in a reduced NO 2 concentration (reaction (15)). Furthermore, the reactions between NO 2 molecules and OH radicals led to the reduction of the NO 2 concentrations, and the reactions could be expressed as follows [22] :
4 Byproducts analysis and mechanism discussion
Byproducts analysis
For understanding the mechanism of the benzene degradation, it is important to detect and identify the various possible byproducts formed during NTP processing. For this purpose, the outlet gas after benzene degradation was qualitatively analyzed by FT-IR and GC-MS to determine possible intermediate byproducts.
All detected compounds from GC-MS were identified using the NIST database with fit values higher than 50%-99% probability. Fig.6 FT-IR spectra of reaction products in benzene degradation Fig. 6 shows the FT-IR spectra of the inlet and outlet gases for benzene decomposition with the constant duty cycle of 20% and the SIE of 256 J/L . The gases from the inlet and outlet were introduced into the FT-IR gas cell by Teflon pipe. It is clear that a number of new species were detected in the NTP. The broad band at 3600 cm −1 could be assigned to the -OH stretching. In addition, the band at 1500 cm −1 could be assigned to the skeleton vibration of the aromatic ring and the band at around 2900-3100 cm −1 could be attributed to the C-H stretching of the aromatic ring [12] . The intensity of the peak decreased obviously in the plasma process. The peak at around 2050-2143 cm −1 was from CO, and the peak between 2223.8 cm −1 and 2260 cm −1 was from N 2 O [20] . A peak at around 1000-1100 cm −1 indicated that O 3 was produced in the plasma. The peak of CO 2 appeared at around 2300-2400 cm −1 [23] , and the intensity increased for the outlet gas compared with the inlet gas. The peaks at 1105 cm −1 and 1770 cm −1 were C-O and C=O bands [24] , respectively. This means that the formic acid (HCOOH) might be produced from benzene decomposition in NTP. In summary, the main components of the outlet gas were CO 2 , CO, O 3 , H 2 O, N 2 O, HCOOH and benzene ring derivatives from the FT-IR analysis.
In order to obtain minor byproducts not detected by FT-IR, the outlet gas was also analyzed by GC-MS, and the results were presented in Fig. 7 . Phenol, nitro-benzene, etc. as intermediates were found from the GC-MS analysis. In addition, a number of small peaks appeared in the chromatogram, but the corresponding mass spectrum quality was very poor. 
Proposed benzene destruction mechanism
It is well understood that the chemical reaction mechanisms of VOCs decomposition in NTP are quite complicated because NTP is unique in inducing various non-equilibrium chemical reactions except for direct dissociation of VOCs molecules by highly energetic electrons at room temperature [3] . Various research groups have performed investigations to better understand the mechanisms of byproducts formation and how the benzene molecule was decomposed when NTP was employed for benzene destruction [4, 12, 25, 26] . However, the basic kinetics of benzene decomposition is still unclear up to now, so we outline a possible decomposition pathway of benzene in plasma as shown in Fig.8 by referencing some related publications [3] [4] 12, 25, 26] and the collective analysis of our FT-IR and GC-MS data. It is generally accepted that the high-energy electrons and a large amount of radicals (such as O, N, OH·, H·, HO 2 ·) dominate the benzene destruction mechanism. The initiative reactions involving activated species excitation can be explained by the reactions (5)- (17) in the previous section.
In general, the energy of electrons in NTP typically ranges from 1 eV to 10 eV, and this energy range is ideal for excitation of atomic and molecular species and for breaking chemical bonds [27] . For benzene, the dissociation energy of the C-H and C=C bond in the aromatic ring is 4.3 eV and 5.5 eV, respectively [28] . Therefore, the C-H bond in the aromatic ring can be easily destructed by energetic electrons with an energy beyond 4.3 eV, and the phenyl radical is produced [4, 25, 26] (step (1) in Fig. 8 ).
It can be pointed out that the phenyl radical and benzene may react with some radicals to form phenol [4, 12, 25, 26] (steps (2)- (5)).
The phenyl radical may react with NO 2 to form nitrobenzene (step (6)).
The phenol may react with O 2 and OH radical to form p-benzoquinone (steps (7)-(8)).
According to the Refs. [12, 25] , OH radical can react with the phenol radical to form the hydroquinone (steps (9)-(10)).
These aromatic derivatives can be further ruptured by O or OH radicals attack, causing direct cleavage of the aromatic ring. The main compound generated after the ring opening is formic acid (step (11)) which was identified by FT-IR in our experiment. Kim et al. [29] reported that the formic acid was formed as a common intermediate from the decomposition of the aromatic compounds, which was an important intermediate for CO 2 formation. Therefore, the formic acid will be further attacked by energetic electrons and reactive radicals, finally leading to the formation of harmless CO 2 and H 2 O (step (12)).
Conclusion
The effects of RH on the benzene decomposition process were investigated by the double DBD plasma reactor in this study. The experimental results showed that the removal efficiency of benzene increased with the RH within 60% but decreased when the RH was greater than 60%. There was an optimum RH value on the benzene removal efficiency, and the optimum benzene removal efficiency was achieved at around 60% RH. The energy efficiency was improved around the optimum RH value. The increasing RH inhibited the ozone and NO 2 production in NTP remarkably. Furthermore, according to the GC-MS and FT-IR results, it was suggested that the oxidation byproducts primarily consisted of phenol and substitutions of phenol. At last, a possible reaction mechanism was given to rationalize the observation of the various byproducts in air plasma. 
